Processive reactions, such as transcription or translation, often proceed through distinct initiation and elongation phases. The processive formation of polymeric ubiquitin chains can accordingly be catalyzed by specialized initiating and elongating E2 enzymes, but the functional significance for this division of labor has remained unclear. Here, we have identified sequence motifs in several substrates of the anaphase-promoting complex (APC/C) that are required for efficient chain initiation by its E2 Ube2C. Differences in the quality and accessibility of these chain initiation motifs can determine the rate of a substrate's degradation without affecting its affinity for the APC/C, a mechanism used by the APC/C to control the timing of substrate proteolysis during the cell cycle. Based on our results, we propose that initiation motifs and their cognate E2s allow E3 enzymes to exert precise temporal control over substrate degradation.
INTRODUCTION
Most processive reactions, including transcription and translation, proceed through distinct initiation, elongation, and termination phases. Each of these steps requires specialized proteins, such as translation initiation or elongation factors, which are often regulated independently of each other. For example, regulation of translation initiation provides a means to rapidly change protein synthesis in response to stress (Sonenberg and Hinnebusch, 2010) .
Reminiscent of translation, the formation of ubiquitin chains can be a highly processive reaction (Rape et al., 2006; Pierce et al., 2009) , which is catalyzed by a cascade of E1, E2, and E3 enzymes (Ye and Rape, 2009) . Dedicated factors are able to bring about initiation, i.e., the attachment of ubiquitin to a substrate lysine, or elongation, i.e., the formation of chains linked through Lys residues of ubiquitin. For example, the assembly of ubiquitin chains on PCNA requires the E3s Rad18 for initiation and Rad5 for elongation (Hoege et al., 2002) . In a similar manner, chain initiation on substrates of the UFD pathway depends on the E3 Ufd4, while elongation is catalyzed by Ufd2 (Koegl et al., 1999) . Distinct E3s for initiation and elongation allow cells to produce either mono-or multiubiquitinated substrates, which results in different consequences for the modified protein (Ye and Rape, 2009) .
In a variation on this theme, several E3 enzymes employ distinct E2s to catalyze chain initiation or elongation, respectively. This phenomenon was first described for the E3 Brca1-Bard1, which can utilize the E2s Ube2D, Ube2E, or Ube2W for initiation but Ube2K or Ube2N-Uev1A for elongation (Christensen et al., 2007) . In human cells, the E3 SCF appears to cooperate with Ube2D or Ube2R (Cdc34) for initiation, while it relies on Ube2R to elongate K48-linked ubiquitin chains (Petroski and Deshaies, 2005; Wu et al., 2010b) . A similar division of labor is observed for the human E3 APC/C, which employs Ube2C (UbcH10) for initiation but Ube2S for the elongation of K11-linked chains (Jin et al., 2008; Williamson et al., 2009; Garnett et al., 2009; Wu et al., 2010a) . Both the APC/C and the SCF are able to promote chain formation with high processivity (Carroll and Morgan, 2002; Petroski and Deshaies, 2005; Rape et al., 2006; Pierce et al., 2009) , and distinct functions for monoubiquitinated substrates of these E3s have not been reported. This strongly suggests that specialized initiating E2s provide regulatory advantages that remain to be discovered.
The initiating E2s select Lys residues in substrates as acceptors for ubiquitin. Much of our knowledge about substrate lysine selection comes from studies of the E2 Ubc9, which transfers the ubiquitin-like modifier SUMO to hundreds of cellular proteins. Ubc9 directly binds substrate residues of the consensus SUMOylation motif, JKxE/D (Bernier-Villamor et al., 2002) . Charged amino acids close to this motif can enhance SUMOylation (Yang et al., 2010) , while phosphorylation of nearby Ser or Thr residues allows for regulation (Mohideen et al., 2009) . Lysine selection by Ubc9 is, therefore, strongly influenced by degenerate sequence motifs in the substrate.
In contrast to SUMOylation, little is known about how ubiquitin-initiating E2s decide on substrate lysine residues for modification. Global analyses of ubiquitination sites did not reveal strong preferences for specific sequence environments (Xu et al., 2009) , suggesting that different E2s utilize distinct strategies to determine acceptor sites for the first ubiquitin. Consistent with this hypothesis, the APC/C-specific E2 Ube2C requires residues in the APC/C-substrate securin for efficient chain initiation (Jin et al., 2008) . The respective sequence in securin contained a Thr-Glu-Lys motif, and hence was labeled TEK box, but the amino acids responsible for promoting chain initiation were not determined. In a similar manner, the SCF-specific E2 Cdc34 has been suggested to recognize residues proximal to the modified lysine of the SCF-substrate Sic1 (Sadowski et al., 2010) . However, as the sequences in securin and Sic1 were not characterized in detail, the recurrence of initiation motifs in multiple substrates of the same E3, their recognition by initiating E2s, and their potential regulation remained unknown. The significance of initiation motifs and their cognate E2s for ubiquitindependent proteolysis is, therefore, not understood.
Here, we dissected the mechanism of ubiquitin chain initiation by the APC/C and its E2 Ube2C. We have identified a conserved initiation motif that is found in multiple APC/C substrates. Our characterization of this motif revealed three important functions in proteolysis: initiation motifs increase the efficiency of substrate degradation to allow the APC/C to degrade its many substrates; their composition determines the rate of substrate degradation to help the APC/C coordinate cell cycle progression; and their recognition by Ube2C can be regulated to finetune the timing of protein degradation. Our findings, therefore, establish initiation motifs as substrate elements with important roles in protein degradation. Together with their cognate E2s, initiation motifs increase the capacity of E3s to exert precise temporal control over substrate degradation.
RESULTS

Identification of an Essential Initiation Motif in the APC/C-Substrate Geminin
We previously found that deletion of residues in the APC/Csubstrate securin, its TEK box, impaired chain initiation by the APC/C-specific E2 Ube2C (Jin et al., 2008) . Due to the mild effects of these deletions on securin degradation, we were unable to determine functionally important residues in this motif. As a consequence, initiation motifs were not identified in other APC/C substrates, and their role in regulating degradation remained unclear.
Our earlier studies had shown that the ubiquitination of the replication inhibitor geminin by the APC/C is competed by a peptide derived from the securin TEK box, suggesting that geminin and securin use similar residues to promote initiation (Jin et al., 2008) . Similar to Xenopus (McGarry and Kirschner, 1998) , human geminin depends on a D box for degradation in extracts and cells, and for ubiquitination by APC/C (Figures 1A-1C ; see Figures S1A and S1B available online). Residues in proximity to this D box shared similarity to the securin TEK box ( Figure S1C ), and these residues (IM, for initiation motif) were required for the APC/C-dependent ubiquitination and degradation of geminin ( Figures 1A-1D ). As seen with stable geminin DD (McGarry and Kirschner, 1998) , injection of geminin DIM into Xenopus embryos caused cell cycle arrest and death ( Figure S1D ). Thus, geminin contains a candidate initiation motif that is required for APC/Cdependent degradation and cell cycle progression. Several observations suggest that the new motif in geminin specifically promotes chain initiation. First, its deletion strongly inhibited the APC/C-dependent modification of geminin Lys residues with methylubiquitin ( Figure 1E ). Second, a Lys residue within this motif was found to be a major initiation site for APC/C and Ube2C, as determined by mass spectrometry ( Figure 1G ). Third, once initiation was accomplished (Ub-L-geminin; Ub-L-geminin DIM ), the APC/C was able to elongate chains independently of whether this motif was present or not ( Figure 1F ; Figure S1E ). Fourth, deletion of this motif did not abrogate binding of geminin to Cdh1, showing that it is not required for substrate recruitment ( Figure 1H ). Fifth, geminin mutants lacking this motif inhibited the ubiquitination of other APC/C substrates with comparable efficiency as WT-geminin, suggesting that it does not mediate APC/C binding ( Figure 1I ). Together, these findings document a central and specific role for the geminin motif in promoting chain initiation and proteasomal degradation.
Initiation Motifs Are Found in Several APC/C Substrates As deleting its initiation motif abolished geminin degradation, we used this substrate to identify key residues required for promoting initiation. We found that mutation of charged residues (RE40/41, KRK50-52, HR53/54) to alanine interfered with the APC/C-dependent ubiquitination and degradation of geminin ( Figure 2A ; Figure S2A) . Assays with methylubiquitin revealed that RE40/41, KRK50-52, and HR53/54 were required for efficient chain initiation ( Figure 2B ). Interestingly, changing all Lys residues to arginine did not strongly affect geminin degradation or chain initiation, showing that the initiation motif has functions in addition to providing ubiquitin acceptor sites. As expected for a motif controlling the degradation of a key cell cycle regulator, functionally important, but not irrelevant, residues are highly conserved among geminin homologs from different organisms ( Figure S2B ).
The initiation motif in geminin is close to the D box, its main APC/C-binding site, and the distance between the two motifs is conserved among geminin homologs ( Figure S2B ). This observation raised the possibility that the position of the initiation motif relative to the D box is important for APC/C-substrate degradation. Consistent with this hypothesis, altering the distance between D box and initiation motif through insertion of Gly/Ser repeats impaired initiation by the APC/C, Ube2C, and methylubiquitin ( Figure 2D ), and stabilized geminin against proteasomal degradation ( Figure 2C ). The geminin initiation motif is, therefore, comprised of conserved patches of charged residues that occur in proximity to its APC/C-binding motif, the D box.
Based on these results, we identified initiation motifs in the APC/C substrates cyclin B1, Plk1, and securin ( Figure S2C ; data not shown). In securin, the motif is part of the TEK box, the deletion of which provided the first evidence for a role of substrate residues in promoting initiation (Jin et al., 2008) . Mutation of these motifs impaired chain initiation without strongly affecting substrate affinity to the APC/C (Figures 2E-2G ; Figures  S2D-S2F ). As seen before, replacing all Lys residues with arginine did not abrogate the function of the initiation motifs ( Figures  S2G and S2H) . In securin, a group of Lys residues was rapidly modified despite a mutant initiation motif; we suspect that the alternative APC/C binding of securin through its KEN box, rather than its D box, leads to distinct initiation ( Figure S2I ). Thus, initiation motifs consist of conserved patches of charged residues close to an APC/C-binding motif and are found in multiple substrates of the APC/C. The complexity of APC/C initiation motifs 
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Regulation of Ubiquitin Chain Initiation is similar to the consensus SUMOylation or CDK phosphorylation motifs that are also recognized by enzymes with a large number of cellular substrates. Thus, our observations imply a general role for initiation motifs in promoting APC/C-dependent degradation.
Initiation Motifs Allow Negative Feedback Regulation of the APC/C We next set out to identify roles for initiation motifs in ubiquitindependent proteolysis. We hypothesized that initiation motifs could allow E3s to separate substrate binding from ubiquitination, which is required for a poorly understood aspect of APC/C regulation: during mitosis, Ube2C, Ube2S, Cdc20, or Cdh1 binds the APC/C to trigger the ubiquitination of APC/C substrates. However, once most substrates have been turned over, the APC/C binding of these proteins results in their own ubiquitination and degradation, leading to APC/C inhibition. For this feedback to work, mechanisms that independently control the binding and ubiquitination of these activators must exist.
To address this question, we focused on Ube2C. We first determined whether Ube2C contains an initiation motif that is required for its own ubiquitination, but not for APC/C binding. Previous work had shown that the first 27 amino acids of Ube2C are pivotal for its ubiquitination by the APC/C (Rape and Kirschner, 2004) , and conserved residues within this appendix have homology to the initiation motifs described above ( Figure 3A ). Changing positively charged residues in this motif to alanine (R6A, R17A/ K18A), but not to arginine (K18R), strongly impaired the APC/Cdependent autoubiquitination of Ube2C ( Figure 3B , Figure S3A ). The Ala mutations also stabilized Ube2C against APC/C-dependent degradation in extracts and cells ( Figure 3C ; Figure S3B ), while they had no (Ube2C R6A ) or weak effects (Ube2C R17A/K18A ) on charging by E1 ( Figure S3C ). Thus, Ube2C contains an initiation motif required for its degradation.
To test whether its initiation motif contributes to the binding of Ube2C to the APC/C, we monitored the E2 activity of Ube2C and Ube2C
R6A
. We found that over a wide concentration range, Ube2C
R6A catalyzed the ubiquitination of APC/C substrates and promoted their degradation with similar efficiency as that of Ube2C ( Figure 3D ; Figures S3D and S3E ). By contrast, mutating the RING-interaction loop, deleting an N-terminal QNP motif (Summers et al., 2008) , or appending N-terminal epitope tags reduced the activity of Ube2C toward APC/C substrates (Figures S3D and S3F; data not shown). Thus, the initiation motif does not appear to mediate the binding of Ube2C to the APC/C. To validate these findings, we introduced mutations into the catalytically inactive Ube2C C114S . If mutations impede APC/C binding, the inhibitory effect of Ube2C C114S on degradation of APC/C substrates in extracts or on cell cycle progression in frog embryos should be lost. Consistent with our previous observations, the initiation motif mutant Ube2C R6A/C114S stabilized APC/C substrates as efficiently as Ube2C C114S ( Figure 3E ). Moreover, when injected into Xenopus embryos, Ube2C R6A/C114S produced the same cell cycle arrest as Ube2C C114S ( Figure 3F ). By contrast, mutation of the RINGinteraction loop (Y91D) strongly diminished the capacity of Ube2C C114S to block degradation and cell cycle progression ( Figures 3E and 3F ). These findings show that Ube2C mainly interacts with the APC/C by recognizing the RING domain of Apc11. Its initiation motif is, therefore, only required for Ube2C degradation, but not for APC/C binding. As a consequence, competition between initiation motifs could explain how canonical substrates stabilize Ube2C when both are bound to the APC/C. Although substrates and Ube2C are recruited to the APC/C by different means, using D boxes or a RING-interaction loop, both require initiation motifs for chain formation. Consistent with this hypothesis, a mutant of the APC/C substrate securin that only contains its initiation, but not its APC/C-binding motifs (securin DDDKEN ), inhibited the ubiquitination of Ube2C by the APC/C ( Figure 3G , Figure S3G ). This competitor did not impair APC/C binding of Ube2C, as it did not block the APC/C-dependent chain elongation on Ube2C that had already undergone initiation ( Figure 3G ). Thus, competition by substrate initiation motifs stabilizes Ube2C that is bound to the APC/C in its role as E2; this strongly suggests that initiation motifs allow an E3, i.e., the APC/C, to regulate substrate binding and ubiquitination independently of each other.
Initiation Motifs Can Determine the Rate of Substrate Degradation
The APC/C degrades its substrates at different times during cell division to establish the sequence of mitotic events. The timing of APC/C-substrate degradation correlates with the processivity of ubiquitin chain formation, yet mechanisms that generate differences in the processivity remain unclear (Rape et al., 2006) . As initiation can be rate-limiting for ubiquitination (Pierce et al., 2009) , initiation motifs could have strong effects on the processivity of chain formation and the timing of substrate degradation.
To test this hypothesis, we replaced the initiation motif of Ube2C, which is among the last proteins to be degraded by the APC/C, with that of the early substrate geminin. Strikingly, the resulting mutant IM gem -Ube2C was ubiquitinated by the APC/C much more rapidly than WT-Ube2C, which was dependent on its own active site and RING-interaction loop (Figures 4A and 4B) . Assays with methylubiquitin revealed that chain initiation by the APC/C occurred much more efficiently on IM gem -Ube2C compared to WT-Ube2C ( Figure 4C ). IM gem -Ube2C was degraded in extracts with active APC/C Cdh1 much more rapidly than WT-Ube2C ( Figure 4D ), which was dependent on APC/C Cdh1 and the proteasome ( Figures S4A and S4B ). Importantly, IM gem -Ube2C was also degraded much faster than WT-Ube2C upon APC/C activation in cells ( Figure 4E ).
Altering its initiation motif did not strongly affect binding of Ube2C to the APC/C, as Ube2C and IM gem -Ube2C modified APC/C substrates with similar efficiency ( Figure S4C ). The small differences between IM gem -Ube2C and Ube2C can be explained by a decrease in charging of IM gem -Ube2C by the E1, as expected from a previous report ( Figure S4D ; Huang et al., 2008) . Moreover, the same levels of Ube2C C114S and IM gem -Ube2C C114S inhibited APC/C-substrate degradation in extracts and produced a block in cell division in embryos ( Figure 4F ; Figure S4E ). Thus, replacing the initiation motif of Ube2C with that of geminin accelerated the ubiquitination of Ube2C without significantly affecting its binding to the APC/C or its activity as an E2. To determine whether weak initiation motifs delay degradation, we replaced the initiation motif of geminin with that of (D) The initiation motif in Ube2C is not required for E2 activity, as seen in degradation assays using 35 S-cyclin A as reporter.
(E) The RING-interaction loop is the main APC/C-binding site in Ube2C. Ube2C
C114S
, the initiation motif mutant Ube2C
R6A/C114S
, and RING-binding-deficient Ube2C C114S/Y91D were tested for their capability to stabilize 35 S-securin in extracts.
(F) The initiation motif is not required for APC/C binding of Ube2C in vivo. Ube2C C114S or Ube2C R6A/C114S were injected into Xenopus tropicalis embryos at the two-cell stage, and cell cycle arrest was scored relative to Ube2C C114S . Error bars define the standard error derived from three independent experiments.
(G) APC/C substrates inhibit Ube2C ubiquitination through initiation motif competition. Recombinant securin DDDKEN was added to ubiquitination reactions of 35 S-Ube2C by APC/C and/or Ube2S, as indicated.
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Regulation of Ubiquitin Chain Initiation (F) The initiation motif does not determine binding of Ube2C to the APC/C. Ube2C C114S or IM gem -Ube2C C114S was injected into X. tropicalis embryos at the twocell stage, and cell cycle arrest was scored normalized to Ube2C C114S . Error bars define the standard error derived from three independent experiments.
Ube2C. The resulting mutant IM Ube2C -geminin was modified with methylubiquitin more slowly than WT-geminin ( Figure 4G ), indicative of impaired initiation. This caused less efficient chain formation ( Figure S4F ), and IM Ube2C -geminin was degraded more slowly than geminin in extracts and cells ( Figure 4H , Figures S4G and S4H) . Competition assays using recombinant geminin or IM Ube2C -geminin showed that altering its initiation motif did not change the affinity of geminin to the APC/C (Figure 4I) . The initiation motif of Ube2C was functional in geminin, as IM Ube2C -geminin was modified and degraded more efficiently than geminin DIM ; moreover, IM Ube2C -geminin was stabilized by mutation of Arg6 in the Ube2C initiation motif ( Figure 4H ). These swap experiments, therefore, show that the composition of initiation motifs can determine the rate of substrate degradation without affecting their affinity for the E3.
Initiation Motifs Allow the Identification of an APC/C Substrate, PAF15
Given their role in degradation, we asked whether initiation motifs could be regulated, a control mechanism likely to occur in substrates that depend on initiation motifs for their degradation. To identify such substrates, we searched for proteins that contain D or KEN boxes in proximity to conserved sequences with similarity to the initiation motifs described above. A top hit predicted by our search was PCNA-associated factor of 15 kDa (PAF15), a protein with roles in S phase and DNA repair (Yu et al., 2001; Hosokawa et al., 2007; Turchi et al., 2009; Figure S5A) . Consistent with its bioinformatic prediction, PAF15 was rapidly degraded in an APC/C-and proteasome-dependent manner in extracts ( Figure 5A ). PAF15 was also turned over by the APC/C in cells, as seen by Cdh1 overexpression (Figure 5D ), depletion of the APC/C inhibitor Emi1 ( Figure S5B ), release of nocodazole-arrested HeLa cells (Figure S5C ), or serum starvation of T24 cells ( Figure S5D ). Confirming its role as a substrate, PAF15 was ubiquitinated by purified APC/C, but not if APC/C was inhibited by Emi1 or an excess of a competing APC/C substrate ( Figure 5B ). Thus, despite their degenerate nature, initiation motifs have sufficient predictive power to enable the discovery of new APC/C substrates.
We next determined whether PAF15 ubiquitination and degradation depend on its initiation motif. Indeed, mutation of the positively charged residues in this motif to Ala, but not to Arg, inhibited chain initiation on PAF15 by APC/C and methylubiquitin ( Figure 5F ; Figure S5E ). By contrast, the initiation motif was not required for the binding of PAF15 to Cdh1 ( Figure 5G ), and ubiquitination reactions with Ub-PAF15 fusions showed that the initiation motif had no role in promoting Ube2S-and APC/C-dependent chain elongation ( Figure 5H ). Importantly, PAF15 mutants in the initiation motif were not polyubiquitinated by the APC/C and therefore stabilized against APC/C-dependent degradation in extracts and cells (Figures 5C-5E ). Thus, the APC/C substrate PAF15 requires a functional initiation motif for degradation.
Initiation Motifs Allow Regulation of Protein Degradation PAF15 binds the DNA polymerase processivity factor, PCNA, through a PIP box located between D box and initiation motif ( Figure 6A ; Yu et al., 2001 ). When we tested the interaction between PAF15 and PCNA in cells, we found that a PIP box mutation not only ablated the binding of PAF15 to PCNA but also caused a strong decrease in PAF15 levels ( Figure 6B) . A similar effect on PAF15 levels was observed upon depletion of PCNA by siRNA ( Figure 6G ). The low abundance of PAF15 DPIP was rescued by mutation of its D and KEN boxes, suggesting that PCNA stabilizes PAF15 by antagonizing the APC/C. Supporting this notion, addition of PCNA to extracts stabilized PAF15, but not PAF15 DPIP , against APC/C-dependent degradation ( Figure 6F ). As the PIP box in PAF15 is located between D box and initiation motif, PCNA might interfere with initiation. Indeed, when PCNA was added to reactions containing APC/C, Ube2C, and methylubiquitin, it inhibited chain initiation on PAF15 in a concentration-dependent manner ( Figure 6C ). As a result of the reduced initiation, PCNA impaired the modification of PAF15 with WT-ubiquitin with an identical concentration dependency ( Figure 6D ). PCNA had no effects on the APC/C-dependent ubiquitination of PAF15 DPIP , and it did not inhibit the modification of APC/C substrates that do not interact with PCNA ( Figure 6E ; data not shown). Thus, PCNA inhibits chain initiation on PAF15 in a substratespecific manner. In contrast to its effect on initiation, PCNA did not inhibit binding of PAF15 to the APC/C. First, the PIP box was not required for the interaction of PAF15 with Cdh1 or for its degradation by APC/C ( Figure 6F ; Figure S6 ). Moreover, pull-down assays showed that Gst PAF15 efficiently bound Cdh1, even if it was saturated with PCNA prior to incubation with Cdh1 (Figure 7A) . These experiments suggest that the binding sites for Cdh1 and PCNA are far enough apart to allow PAF15 to bind both proteins at the same time. Indeed, PAF15 was able to bridge an interaction between Gst PCNA and Cdh1, which provides evidence for ternary complexes between PAF15, PCNA, and Cdh1 ( Figure 7B ). To test for this in vivo, we precipitated FLAG PAF15-containing complexes from HeLa cells, eluted with peptide, reprecipitated with antibodies against the APC/C, and probed for PCNA. Confirming our in vitro studies, these experiments revealed the existence of ternary complexes between PAF15, PCNA, and the APC/C in cells ( Figure 7C ).
To test whether PCNA affects chain elongation, we studied a fusion between ubiquitin and PAF15, Ub-L-PAF15. We bound Ub-L-PAF15 to Gst PCNA and incubated these complexes with APC/C and either Ube2C for initiation or Ube2S for elongation. As seen previously, Ube2C was unable to ubiquitinate Ub-L-PAF15 that was stoichiometrically bound to PCNA ( Figure 7D ). In contrast, Ube2S efficiently elongated ubiquitin chains on PCNA-bound Ub-L-PAF15 in an APC/C-dependent manner. This experiment shows that PCNA does not block the binding of PAF15 to the APC/C nor chain elongation by Ube2S. Instead, PCNA specifically inhibits the activity of the initiating E2 Ube2C toward PAF15.
The Initiation Efficiency Controls the Timing of Substrate Degradation
To analyze the impact of regulating chain initiation, we constructed cell lines that stably express from a constitutive promoter: FLAG PAF15, which is recognized by PCNA and has impaired chain initiation; FLAG PAF15 DPIP , which does not bind PCNA and has rapid initiation; and FLAG PCNA DDDKEN or FLAG PCNA DDDKEN/DPIP , which should be inert against the APC/C. Expression of PAF15 mutants at low levels did not strongly affect cell cycle progression, as seen by FACS or BrdU-staining ( Figures S7A and S7B ). Cells synchronized in prometaphase were released into fresh medium to activate APC/C, and PAF15 levels were monitored until S phase, when APC/C is inhibited again. Three important observations were made ( Figure 7E ). First, PAF15 was degraded less efficiently and later than PAF15 DPIP , indicating that the decreased initiation efficiency in WT-PAF15 delays substrate turnover. Second, PAF15 accumulated once Ube2C levels had dropped below a certain threshold ( Figures 7E and 7F ), but PAF15 DPIP was degraded throughout G1. Thus, reducing the initiation efficiency increases the dependency on the initiating E2. Third, PAF15 lacking its D and KEN boxes was stable independently of whether it was able to bind PCNA or not, showing that its degradation occurred through APC/C. These findings demonstrate that initiation motifs provide an effective means of controlling the timing of substrate degradation in cells.
DISCUSSION
Here, we report that efficient chain initiation by the APC/Cspecific E2 Ube2C requires motifs that are present in multiple APC/C substrates. Variations in the composition of these initiation motifs can determine the rate of substrate degradation without affecting their affinity for the E3. Initiation motifs also provide an opportunity for regulation, which is used by APC/C to control the timing of substrate proteolysis during the cell cycle.
On the basis of these results, we propose that initiation motifs and their cognate E2s increase the capacity of E3s to exert temporal control over substrate degradation. were synchronized in prometaphase (t = 0) or late G1 (10-14 hr after nocodazole release). PAF15 was precipitated on FLAG-agarose, and coprecipitating PCNA was detected by western blot.
Characteristics of Initiation Motifs
Studies with the ubiquitin-like modifier SUMO had shown that residues in the vicinity of a substrate lysine can affect the efficiency of modification by an E2 (Bernier-Villamor et al., 2002; Mohideen et al., 2009) . Our results indicate that chain initiation by the APC/C and Ube2C can in an analogous manner be controlled by sequence motifs in substrates that are close to or overlapping with the preferred attachment site for the first ubiquitin. As mutation of initiation motifs stabilized several APC/C substrates, they play a key role in promoting ubiquitin-dependent degradation.
In all APC/C substrates analyzed here, charged residues were required for the function of initiation motifs. As seen with geminin, Lys residues in the initiation motif can serve as major acceptor sites for ubiquitin. However, the initiation motifs in geminin, securin, cyclin B1, Plk1, Ube2C, and PAF15 were still functional if all lysines were mutated to arginine, which retains the positive charge but is unable to act as ubiquitin acceptor. We conclude that initiation motifs contain modified lysines but also promote the interaction of the substrate with an initiating E2, similar to binding of the consensus SUMOylation motif by Ubc9 (Bernier-Villamor et al., 2002) .
With the exception of Ube2C, initiation motifs were found close to substrate D boxes. In geminin, altering the distance between its APC/C-binding motif, the D box, and the initiation motif impaired chain initiation and degradation, underscoring the importance of the proper location of an initiation motif. This finding is in agreement with structural analyses of the APC/C, which place the RING domain subunit Apc11, and by inference Ube2C, in proximity to the D box coreceptors Apc10 and Cdh1 (da Fonseca et al., 2011) . This situation is also reminiscent of the SCF, which ubiquitinates b-catenin and IkBa on Lys residues in proximity to their SCF bTrCP -binding motifs (Wu et al., 2003) .
Thus, the presence of conserved patches of charged residues in proximity to an APC/C-binding motif is the main characteristic of initiation motifs recognized by Ube2C.
Functions of Initiation Motifs
The activation of the APC/C during mitosis results in the massive upregulation of K11-linked chains (Matsumoto et al., 2010) , implying a large number of APC/C substrates in human cells. As the concentration of active APC/C is comparably low, the APC/C likely acts close to saturation. Indeed, increasing the concentration of a single substrate was sufficient to bring cell division to a halt by overloading the APC/C (Marangos and Carroll, 2008) . Kinetic studies with the SCF found that most encounters between this E3 and its substrates result in substrate dissociation before ubiquitination can take place (Pierce et al., 2009) . Due to its large number of substrates, unproductive binding events might be detrimental for APC/C-dependent ubiquitination. Initiation motifs, however, provide an elegant means to sufficiently increase the rate of degradation to allow the APC/C to shoulder the burden of its many substrates. Our experiments suggest that the APC/C also implements initiation motifs to fine-tune the rate of substrate degradation. Once activated, the APC/C promotes substrate turnover in a conserved sequence, ensuring that inhibitors of anaphase are degraded prior to proteins required for chromosome segregation or cytokinesis (Peters, 2006) . Previous work had shown that the processivity of chain formation, but not the affinity of a substrate to the APC/C, correlates with the degradation time in cells (Rape et al., 2006) . Because more rapid initiation increases the processivity of ubiquitination (Pierce et al., 2009) , it should accelerate the rate of substrate degradation. As seen in initiation motif swaps using geminin and Ube2C, and in a mutational analysis of the APC/C substrate PAF15, this is the case: improving the quality or accessibility of initiation motifs accelerated the degradation of Ube2C or PAF15, whereas reducing the quality of the initiation motif in geminin delayed its degradation. Altering initiation motifs had little effect on substrate affinity for the APC/C. These findings identify chain initiation as the rate-limiting step for the degradation of many APC/C substrates, in analogy to the SCF (Pierce et al., 2009) . As a result, initiation motifs play a critical role in determining the timing of substrate degradation by the APC/C.
Regulation of Chain Initiation
As initiation motifs differ from APC/C-binding sites, the APC/C can separate substrate binding and ubiquitination to establish negative feedback regulation: during mitosis, APC/C activators, such as Ube2C, bind the E3 and modify its substrates without being degraded themselves. However, when Ube2C engages the APC/C after substrates have been turned over, it undergoes APC/C-dependent ubiquitination and degradation (Rape and Kirschner, 2004) . We found that ubiquitination of Ube2C, but not its APC/C binding, requires an N-terminal initiation motif. Increasing the quality of this initiation motif accelerated Ube2C ubiquitination without affecting its association with the APC/C. Moreover, competition by substrate initiation motifs inhibited Ube2C degradation without affecting its APC/C binding or E2 activity. Thus, even though the initiation motif does not determine the affinity of Ube2C to the APC/C, its accessibility helps determine the timing of Ube2C degradation.
Regulating the initiation efficiency also controls the timing of degradation and reaccumulation of canonical substrates, such as PAF15. PAF15 is strongly stabilized by its binding to PCNA, which selectively inhibits chain initiation, yet has no effects on APC/C binding or chain elongation. As the PIP box in PAF15 is located between D box and initiation motif, PCNA might sterically block access of Ube2C to the PAF15 initiation motif. The stabilization of PAF15 by PCNA might play a role during late G1 or upon DNA damage, when PAF15 has been suggested to cooperate with PCNA, yet APC/C is active (Hosokawa et al., 2007) . It is also possible that PAF15 bridges an interaction between PCNA and APC/C, thereby recruiting APC/C to sites of ubiquitination on DNA; the degradation of PAF15 upon dissociation of PCNA might then provide negative feedback.
These findings provide an unappreciated function for PCNA in cell cycle control. Initially identified as a processivity factor for DNA polymerases, PCNA had recently been shown to be an important regulator of protein degradation during S phase. By binding to an extended PIP box, PCNA increases the affinity of the CDK inhibitor p21 for the E3 Cul4
Cdt2 , thereby triggering p21 degradation (Havens and Walter, 2009) . By contrast, PCNA stabilizes PAF15, a protein required for S phase progression. Although more work is required, this may indicate that PCNA acts as a switchboard to degrade or stabilize cell cycle regulators, depending on their function in DNA replication or repair.
In conclusion, we show that initiation motifs allow the APC/C to precisely control the timing of substrate degradation. Our observations extend the similarities between the formation of ubiquitin chains and other processive reactions, such as transcription or translation, which can be divided into distinct initiation, elongation, and termination steps. Whether we can learn more by comparing the mechanisms of ubiquitin chain formation and those long-studied processive reactions will be an avenue of future research.
EXPERIMENTAL PROCEDURES
A detailed description of the methods can be found in the Supplemental Information accompanying this manuscript. Table S1 lists all constructs, antibodies, and siRNAs. pCS2 or pCS2-ZZ/TEV were used for IVT/T and expression in cells; pET28, pGEX, or pMAL for purification; and pCMV for generation of stable lines.
Plasmids and Reagents
Degradation Assays
Degradation assays were performed as described (Rape et al., 2006) . Ube2C and IM TEK -Ube2C were synthesized as ZZ/TEV fusions, purified over IgGSepharose, and eluted by TEV cleavage, before addition to extracts.
In Vivo Degradation and siRNA Experiments 293T cells were transfected with substrate plasmid, myc Cdh1, and Emi1 using
TransIT-293. Twenty-four hours posttransfection, lysates were analyzed by western blot. Release experiments were performed in HeLa cells transfected with substrate (TransIT-LT1), arrested by thymidine/nocodazole, and replated after shake-off in fresh medium. For analysis of PAF15 degradation, HeLa cells stably expressing FLAG PAF15 mutants were used.
siRNA experiments were performed in HeLa cells transfected with siRNA against the 3 0 UTR of PAF15 or PCNA using HiPerfect. Phenotypes were identical for different siRNAs per gene, and strong effects on cell cycle progression were excluded by FACS.
Ubiquitination Assays
Ubiquitination assays were performed as described (Rape et al., 2006) . Ub-Lgeminin and Ub-L-PAF15 were synthesized in reticulocyte lysate containing 175 mM ubi K29R to inhibit the UFD pathway. Ub-L-geminin, Ub-L-PAF15, PAF15, and Ube2C were synthesized as ZZ/TEV fusions, purified on IgGSepharose, and eluted by TEV cleavage.
Gst
PCNA /Ub-L-PAF15 complexes were purified by incubating Ub-L-PAF15 with Gst PCNA coupled to glutathione Sepharose 4B.
Detection of Ternary Complexes between APC/C, PAF15, and PCNA in Cells HeLa cells stably expressing FLAG PAF15 or control cells were synchronized in prometaphase. Lysates were incubated with anti-FLAG M2 affinity resin. After washing, bound proteins were eluted with peptide. Pooled eluates were incubated with aCdc27 antibodies and protein G agarose. After washing, proteins were eluted with SDS sample buffer and analyzed by western blot.
Xenopus tropicalis Embryo Injections
Embryos collected from mating X. tropicalis couples were dejellied for 5 min in 3% cysteine (pH 8.0), and transferred to 3% ficoll in 1/93 Modified Ringer solution. One cell of a two-cell stage embryo was injected with 3 or 6 ng of protein (final concentration 1 mM at the two-cell stage) premixed with rhodamine-tubulin for lineage tracing. Injected embryos were evaluated by fluorescence and scored for stage and phenotype.
Determination of Ubiquitination Sites on Geminin
Recombinant geminin was incubated with APC/C, E1, Ube2C and methylubiquitin. Monoubiquitinated geminin was excised from SDS-gels, trypsinized, and subjected to tandem mass spectrometry, as detailed in the Supplemental Information. 
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